Inherited mutations in the intermediate filament (IF) proteins keratin 5 (K5) or keratin 14 (K14) cause epidermolysis bullosa simplex (EBS), in which basal layer keratinocytes rupture upon trauma to the epidermis. Most mutations are missense alleles affecting amino acids located in the central α-helical rod domain of K5 and K14. Here we study the properties of an unusual EBS-causing mutation in which a nucleotide deletion (1649delG) alters the last 41 amino acids and adds 35 residues to the C-terminus of K5. Relative to wildtype, filaments co-assembled in vitro from purified K5-1649delG and K14 proteins are shorter and exhibit weak viscoelastic properties when placed under strain. Loss of the C-terminal 41 residues contributes to these alterations. When transfected in cultured epithelial cells, K5-1649delG incorporates into preexisting keratin IFs and also forms multiple small aggregates that often colocalize with hsp70 in the cytoplasm. Aggregation is purely a function of the K5-1649delG tail domain; in contrast, the cloned 109 residue-long tail domain from wildtype K5 is distributed throughout the cytoplasm and co-localizes partly with keratin IFs. These data provide a mechanistic basis for the cell fragility seen in individuals bearing the K5-1649delG allele, and point to the role of the Cterminal 41 residues in determining K5's assembly properties.
\ Introduction
Intermediate filaments (IFs) are encoded by a large family of genes comprising > 67 members in the human and mouse genomes (Coulombe et al., 2001; Hesse et al., 2001) . These 10-12 nm wide filaments are prominent structural constituents of the cytoplasm and nucleus in multicellular eukaryotes, but are distinct from F-actin and microtubules in several key respects.
Among them is their association with disease. Inherited mutations in IF proteins are associated with nearly 30 human diseases . These conditions are dominantly inherited with rare exceptions (Fuchs and Cleveland, 1998; Cassidy et al., 2002; Omary et al., 2004) , consistent with the complexity of the assembly pathway and of the architecture of mature IF polymers (Herrmann and Aebi, 2004) . Cell and tissue fragility underlies lesion pathogenesis in many of these disorders, reflecting the major function of structural scaffolding fulfilled by IFs in both the cytoplasm and nucleus (Worman and Courvalin, 2004; Omary et al., 2004) . Types I and II keratin genes together represent ~75% of IF genes and are specifically expressed in epithelial cells (Coulombe et al., 2001; Hesse et al., 2001) . In part because of a strict heteropolymerization requirement at the protein level (Herrmann and Aebi, 2004) , type I and type II keratin genes are tightly regulated in a pairwise and differentiation-related fashion in epithelial tissues (Moll et al., 1982; O'Guin et al., 1990; Fuchs, 1995) . Correlating with frequent exposure to mechanical stress, epithelia lining up the skin and oral mucosa are keratin-rich and sensitive to mutations compromising the structural scaffolding function of keratin IFs.
Conversely, a large fraction of the known IF-based disorders affect keratin genes expressed in skin epithelia (Cassidy et al., 2002; Omary et al., 2004) . Because of an overlapping distribution of several type I and II keratins in complex epithelia, functional redundancy acts as a powerful \ 2004), or a different type of mutation in the K5 gene. In this latter case, a mutation resulting in a Pro 24 ->Leu substitution in the N-terminal head domain of K5 causes EBS with mottled pigmentation (Uttam et al., 1996; Irvine et al., 1997) . In addition, a single nucleotide deletion within exon 9 of K5 (1649delG) that results in the frameshift-induced lengthening of K5's Cterminal tail domain was discovered in two independent instances of a form of EBS showing annular migratory circinate erythema (EBS-MCE). In EBS-MCE, a migrating, belt-like erythema with multiple vesicles at the advancing edge of erythema occur on limb extremities and less frequently, on the trunk as well (Gu et al., 2003) . Typical of most instances of EBS, however, blistering is restricted to the skin, worsens during the summer during infancy but gradually subsides with age afterwards. Blisters heal normally, with occasional mild hyperpigmentation (Gu et al., 2003) . Here, we report on the characterization of the impact of the 1649delG mutation on the assembly properties of K5 in vitro and in transfected cells in culture. Our data provide a mechanistic basis for the cell fragility seen in individuals bearing the K5-1649delG allele, and point to the important role of the C-terminal 41 residues in the assembly properties of K5.
\ individual filaments could be seen. Assembly efficiency was determined through high speed centrifugation (150,000 x g, 30 min) in an Airfuge (Beckman, Palo Alto, CA). Supernatant and pellet fractions were analyzed by SDS-PAGE and Coomassie blue staining. For co-pelletting assays, 50 µl of assembled keratin (10, 5 and 2.5 µM) and vimentin (10 µM) were mixed with an equal volume of either pHis-T5 (10 µM) or pHis-NPT (10 µM). After 2 h, the mixtures were subjected to high speed centrifugation and analysis as described above. Human recombinant vimentin was produced and assembled as described (Yamada et al., 2003) .
Rheological measurements
Keratin polymers (10 µM; 1.6 ml volume) to be compared were assembled in parallel on the same day, and examined by electron microscopy prior to rheology. Viscoelastic measurements (see Ferry, 1980; Coulombe et al., 2000) were obtained using a strain-controlled 50 mm cone-and-plate Rheometrics ARES 100 rheometer (Rheometrics Inc., Piscataway, NJ) as described (Bousquet et al., 2001; Ma et al., 2001; Yamada et al., 2002) . The linear equilibrium values of the elastic modulus G'(ω) and viscous modulus G''(ω) of the IF polymer suspensions were measured by setting the amplitude of the oscillatory strain at γ = 1% and sweeping from low to high frequency ω. The strain-dependent viscoelastic moduli were measured by subjecting \ Strickland et al., 1988) . Transient transfections were performed using polyethylenimine (Aldrich, Milwaukee, WI) as described (Boussif et al., 1995; Bousquet et al., 2001) or Lipofectamine TM 2000 (Invitrogen, Carlsbad, CA) according to the manufacturer's instruction. At 12, 24 or 48 h post-transfection, cells were fixed with 4.0% paraformaldehyde for 5 min, extracted with 0.1 % Triton X-100 in PBS buffer for 5 min., and processed for indirect immunofluorescence. We used rabbit polyclonal antisera against K18 (gift from Dr. E. Fuchs), K14 (AF64) and K5 (AF138) (Covance, Berkeley, CA), Hsp70 (SPA-812, StressGen, Victoria, Canada), ubiquitin (U5379, Sigma Chem., Co. St-Louis, MI), αB-crystallin and Hsp27 (gifts from Dr. J. Landry; ChavezZobel et al., 2003) ; a guinea pig polyclonal antiserum to P62NT (GP62, RDI, Flanders NJ); and mouse monoclonal antibodies against the Myc epitope (clone 9E10, ATCC), K8-K18 (L2A1; gift from Dr. M. B. Omary; Chou et al., 1993) , or K14 (LLOO1; gift from Dr. I. Leigh; Purkis et al., 1990) . Rhodamine-or FITC-conjugated goat anti-mouse, anti-rabbit or anti-guinea pig secondary antibodies were used (Kirkegaard and Perry Labs, Gaithersburg, MD). Samples were analyzed using a Zeiss Axioplan-2 immunofluorescence microscope and a PerkinElmer UltraView confocal microscope.
Keratin extraction, co-immunoprecipitation and Western blot analysis
PtK2 cells were harvested 48h after transfection. Keratin extraction was performed in a three-step procedure: a) cells were lysed by gentle rotation in low-salt buffer (1×PBS, 1%Triton X-100, 5mMEDTA, 0.2M PMSF, supplemented with protease inhibitor cocktails PIC1 and PIC2 (0.1%; see Wong and Coulombe, 2003) ) at 4°C for 10min.; b) after centrifugation (16,000 x g, 10min, 4°C), pellets were extracted by gentle rotation in high-salt buffer (10mM Tris-HCl, pH.
7.6, 140mM NaCl, 1.5mMKCl, 5mM EDTA, 0.5% Triton X-100, 0.2M PMSF, 0.1% PIC1 and PIC2) for 30 min. at 4°C; and c) after centrifugation (16,000 x g, 15min, 4°C), pellets were \ washed in PBS and dissolved in final buffer (6.5M Urea, 0.2M PMSF, 0.1% PIC1 and PIC2).
Supernatant and final pellet fractions were then analyzed by SDS-PAGE followed by Western blot analysis. For co-immunoprecipitation, PtK2 cells were lysed by gentle rotation in DSP Lysis buffer (2.5mg/ml DSP, 40mM HEPES, pH. 7.5, 120mM NaCl, 1mM EDTA, 1% Triton X-100, 0.2M PMSF, 0.1% PIC1 and PIC2) for 30 min. at 4°C, followed by addition of 1M Tris-HCl (pH. 7.5) to end the reaction, and gentle rotation in Empigen BB buffer (1×PBS, 2%EmpBB, 5mMEDTA, 0.2M PMSF, 0.1% PIC1 and PIC2) for 30 min. at 4°C. Cell lysates were centrifuged (16,000 x g; 10 min., 4ºC), the supernatant transferred to a fresh tube, and K18 antibody (2 µg/ml)-bound protein A agarose beads (Amersham Pharmacia Biotech) were added for 2 h at 4°C. Rabbit serum was used as specificity control. The immunoprecipitated samples were washed extensively with lysis buffer and the pellet was then analyzed by SDS-PAGE and western immunoblotting using anti-Myc antibody. Enhanced chemiluminescence (Amersham Corp., Arlington Heights, IL) or alkaline phosphatase (Bio-Rad Labs, Hercules, CA) was used as the manufacturer's instructions to detect bound primary antibodies on western blots.
\ Results

In vitro studies
We initially conducted keratin polymerization assays in vitro in order to determine how the K5-1649delG mutation affects the structural and biophysical properties of keratin filaments.
Along with wt K5 and K14, K5-1649delG and K5C∆41 mutant proteins were overexpressed and purified from E.coli, and validated using electrophoretic assays (data not shown). K5C∆41 is a C-terminal deletion mutant in which the open reading frame has been interrupted precisely at the location of the frameshift in K5-1649delG (Fig. 1A) . Purified type I-type II heterotypic keratin complexes were used for dialysis-based assembly. Polymerization efficiency was assessed by centrifugation, and structural features of individual polymers were visualized by negative staining and electron microscopy. Mechanical properties of the polymers were assessed by rheological assays. None of the mutant tested was impaired in its ability to form urea-stable heterotypic complexes (data not shown), as determined by chromatography and chemical crosslinking assays (Wawersik et al., 1997) .
When polymerized under standard conditions at pH 7.4, wt K5 and K14 proteins readily form smooth-surfaced filaments ( Fig. 2A ) with very high efficiency (>95 %; Fig. 2D ). These filaments are long (> 3 µm), exhibit a diameter of 10.1 ± 0.3 nm (Table 1) , and have a natural tendency to form loose aggregates ( Fig. 2A) . In agreement with previous reports (Yamada et al., 2002; , rheological assessment shows that the bulk properties of the wt K5/K14 polymer are typical of those displayed by weak viscoelastic solids, given low values for both phase angle θ and elastic modulus G' (Table 1 ). In contrast, polymers assembled from K5-1649delG and K14 are much shorter (Fig. 2B) , although their diameter (9.6 ± 0.3 nm; Table 1 ) and polymerization efficiency ( Fig. 2D ) are similar to wt K5/K14. The viscoelastic properties of K5-1649delG/K14 \ under such conditions are too weak to be reliably measured (Table 1) , reflecting the significantly softer and liquid-like character of this sample relative to wt. Similar findings were obtained with the K5C∆41 mutant (Fig. 2, C and D, and data not shown), implying that the loss of the Cterminal 41 residues in the K5 tail domain contributes significantly to the properties of the K5-1649delG mutant.
We previously showed that assembly of purified keratin proteins in the presence of salt, or alternatively at pH 7.0, fosters the formation of large filament bundles and markedly increases the mechanical resilience of keratin filament assemblies (Ma et al., 2001; Yamada et al., 2002; . Moreover, these modified buffer conditions improve the structural features of filaments assembled from tailless K5 (K5C∆111) and K14 (Wilson et al., 1992) . We find that such is the case as well when co-polymerizing either K5-1649delG or K5C∆41 with K14 at pH 7.0. By negative staining and electron microscopy, both types of filaments appear significantly longer (Fig. 2 , F and G) compared to those generated at pH 7.4 (Fig. 2 , B and C), though they do not bundle as effectively as wt K5/K14 (Fig. 1E ). Rheological testing of K5-1649delG/K14 assembled at pH 7.0 gives rise to an elastic modulus G' which, albeit measurable (Table 1) , remain nearly 10 fold lower than that reported for wt K5/K14 under such conditions (Ma et al., 2001; Yamada et al., 2002; . Collectively these in vitro studies establish that the 1649delG mutation markedly alters the structural features and mechanical properties of K5-containing filaments in a manner that is consistent with the fragilization of basal cells in epidermis in vivo (Gu et al., 2003) . These findings also extend the notion (Wilson et al., 1992) that the tail domain of K5 participates in defining the structural features of keratin filaments reconstituted in vitro.
\
Transfection studies involving full-length proteins
We conducted transient transfection assays coupled with indirect immunofluorescence in order to compare the behavior of mutant and wildtype K5 when expressed in epithelial cells.
Given the subjective nature of this analysis we added additional K5 mutants (see Fig. 1A ) for reference purpose. K5C∆111 is a previously characterized deletion mutant in which the entire nonhelical tail domain of K5 has been removed, and which has never been tested through transfection (Wilson et al., 1992) . K5-E477K is a missense allele causing a severe (DowlingMeara) form of EBS disease (Stephens et al., 1997; Pfendner et al., 2003) . K5D328H is a missense allele causing a mild (Weber-Cockayne) form of EBS disease (Muller et al., 1998) .
Immunogenic epitopes specific to K5 are usually located in the distal portion of the tail domain, which is deleted in some of the constructs tested. To circumvent this limitation, we added a Myc epitope tag at the N-terminus of the K5 coding sequence (Fig. 1A) , enabling the detection of all the constructs transfected in PtK2 cells. This cell line, derived from kidney epithelium, features a K8/K18 filament network (Franke et al., 1978) and is well-suited for the purpose of assessing mutant keratin properties (Albers and Fuchs, 1987) .
Transfection efficiency in PtK2 cells ranged between 17 and 26 % depending upon the DNA construct (Table 2) . Expression levels of the transfected proteins also varied, as determined by western blotting of total PtK2 protein extracts (Fig. 1B) . These two important elements, transfection efficiency and expression levels, are interdependent and were taken into account when comparing the behavior of mutant and wt K5 proteins. Next, the distribution of mutant proteins and status of the endogenous keratin IF network were visually assessed in transfected cells dual-stained with antibodies to Myc and K8/K18. Cells displaying aberrant keratin IFs were subdivided into two categories. "Mildly abnormal cells" exhibited an abnormal distribution of \ transfected protein but a normal looking endogenous keratin network. "Severely abnormal cells" exhibited a disrupted endogenous filament network in addition to an aberrant distribution of the transfected protein.
Transient expression of Myc-wtK5 resulted in its incorporation into the endogenous keratin IF network without disruption (Fig. 3, A-A'' ) in the vast majority of cells (~94 %; see Table 2 ). On the other hand, transfection of Myc-K5E477K, known to cause severe EBS disease (Stephens et al., 1997; Pfendner et al., 2003) , resulted in altered keratin networks in 25.5 % of transfected cells (Table 2) , even though it was expressed at lower levels compared to wt K5 (Fig.   1B) . In 19.5% of Myc-K5E477K transfected cells, the disruption included a marked collapse of the endogenous keratin IF network and was considered severe (Table 2 ; Fig. 3 , B-B''). By comparison, the milder EBS-causing Myc-K5-D328H mutant (Muller et al., 1998) caused alterations with a frequency (11.4 %) closer to that seen for wt K5, even though it was expressed at higher levels than Myc-K5-E477K (Fig. 1B and Table 2 ). Only 7.6% of Myc-K5D328H-expressing mutant cells showed severely altered keratin networks (Table 2 and Fig. 3 , C-C'').
Incorporating Myc-K5E477K and Myc-K5D328H in our analysis thus provided landmarks with which to assess the properties of K5 tail domain mutants.
The Myc-K5-1649delG protein exhibits one of two fates in transfected cells: integration within the endogenous network, generally with no or mild impact on its organization (Table 2) , and formation of small aggregates in the perinuclear cytoplasm (Fig. 4 , A-A'' and B-B"). The latter were seen in ~17% of transfected cells (Table 2) . While these Myc-positive aggregates were negative for endogenous keratin proteins, confocal microscopy confirmed that they were often apposed against keratin filaments in PtK2 cells (Fig. 4, B-B" ). Co-transfection of Myc-K5-1649delG and K14 resulted in their co-localization in the same model cell line (Fig. 4 , C-C").
\
Similar results were obtained when Myc-K5-1649delG was transiently expressed in mouse 308 epidermal keratinocytes (Fig. 4 , D-D'') which, like human epidermal keratinocytes in primary culture (Coulombe et al., 1991) , express K5, K6, K14, K16 and K17 as their main keratins (our unpubl. data). By comparison, Myc-K5C∆111 mutant protein caused endogenous keratin IFs to bundle in ~13% of tranfected PtK2 cells, and was also scattered in the form of fine aggregates in the cytoplasm (Fig. 3 , D-D'' and Table 2 ). Transient expression of Myc-K5C∆41 mutant also gave rise to small aggregates in PtK2 cells, although their impact on the endogenous filament organization was milder (Fig. 3 , E-E'' and Table 2 ).
We subjected PtK2 cells expressing Myc-K5-1649delG or Myc-wtK5 to a detergentbased serial extraction to further analyze their properties. All of the detectable Myc-wtK5 and Myc-K5-1649delG occurred in the insoluble fraction, as seen for endogenous keratins (data not shown). These results suggest that the disruptive properties of the K5-1649delG mutant are intermediate between those of K5E477K and K5D328H, which cause severe and mild EBS disease, respectively, and extend the in vitro data in support of an important role for non-helical tail domain of K5 towards the organization of keratin filaments in epithelial cells.
Studies involving isolated tail domains
Transiently expressed Myc-K5-1649delG mutant protein localizes to either filaments or aggregates, or both, raising the possibility of a competition between two distinct regions of the protein: the intact central α-helical rod domain, expected to direct the protein to filaments, and the mutated tail domain, which might interfere with this targeting and cause the protein to form aggregates. To test this notion, DNA constructs were devised in which the tail domain of K5, wild type and 1649delG mutant, were Myc epitope-tagged at their N-terminus. Transfected PtK2 cells were transiently transfected with Myc-T5 and Myc-T5-1649delG, prepared for double-\ immunofluorescence, and analyzed by confocal microscopy. Myc-T5 exhibited a mixed pattern of localization in transfected cells, consisting of: i) diffuse distribution throughout the cytoplasm;
ii) co-localization with cytoskeletal filaments; and iii) concentration as discrete patches at the cell periphery (Fig. 5, A-A'' ). Examination of doubly-stained preparations revealed that Myc-T5 was partially colocalized with endogenous K8/K18 filaments (Fig. 5, A-A'' ). Transfected Myc-T5-1649delG protein was found exclusively in the form of aggregates throughout the cytoplasm, but with a predilection for the perinuclear region (Fig. 5, B-B'' ). These aggregates were seen as early as 12 h posttransfection (data not shown). Again, many of these aggregates were apposed against endogenous keratin filaments, although their presence rarely affected their organization.
We next fused the EGFP coding sequence in-frame to the N-terminus of full-length wtK5 and K5-1649delG. Transfection of EGFP-wtK5 resulted in its co-localization with endogenous keratin IFs in PtK2 cells (Fig. 5, C-C'' ). Very few transfected cells showed disrupted IF networks (data not shown). Likewise, the behavior of transfected EGFP-K5-1649delG was virtually identical to Myc-K5-1649delG (Fig. 5, D-D'' ). The availability of EGFP-K5-1649delG allowed us to test whether the mutated tail domain is directly responsible for the formation of cytoplasmic aggregates. We found that co-transfected EGFP-K5-1649delG and Myc-T5-1649delG were always part of the same aggregates (Fig. 5, E-E'' ). The 1649delG mutation thus has very strong properties in that it can prevent the rod domain from mediating the incorporation of the mutant protein into a pre-existing keratin filament network.
Biochemical studies were conducted on K5 tail domain-transfected PtK2 cells. Sequential extraction followed by western immunoblotting revealed a difference in the partitioning of Myc-T5 and Myc-T5-1649delG. Whereas all of the detectable Myc-T5-1649delG was retrieved in the final, insoluble protein fraction, ~50% of the Myc-T5 pool was found in the Triton X-100 \ soluble fraction and another ~15% was in the high-salt extract (Fig. 6 A) . These results are consistent with the different distribution of each protein as seen by immunofluorescence (Fig. 5) .
Next, we subjected transfected PtK2 cells to chemical crosslinking, then solubilized cells by Empigen BB, followed by immunoprecipitation with a K18 antibody. Both Myc-T5 and Myc-T5-1649delG were enriched in K18 immunoprecipitates, and comparatively little protein was precipitated in the non-immune serum controls (Fig. 6 B) . Omission of the crosslinking step gave rise to inconsistent results (data not shown). These results confirm and extend the morphological observation that both Myc-T5 and Myc-T5-1649delG are associated with K8/K18 filaments in transfected cells, albeit in a detergent-labile fashion. Finally, we fused a his tag at the N-terminus of T5 to facilitate its recovery and purification after bacterial expression, and test whether its ability to associate with keratin IFs in transfected cells reflects a direct interaction. Unlike His-T14 (data not shown; see Bousquet et al., 2001) , however, purified His-T5 did not co-sediment with K5/K14 IFs or vimentin IFs (Fig. 6C) .
Expression of K5-1649delG does not elicit an unfolded protein response
In many chronic diseases the affected cells exhibit aggregates of mispolymerized and abnormally modified IF proteins (e.g., hyperphorphorylation, ubiquitination, cleavage), eliciting an "unfolded protein response" (see Zatloukal et al., 2004) . This can lead to cellular activation and release of cytokines. To investigate whether this is potentially the case in K5-1649delG-expressing cells, we sought to localize hsp70, hsp27, αB-crystallin, ubiquitin and p62 in K5-1649delG-expressing PtK2 cells. All of these antigens are, along with K8/K18, components the Mallory Bodies that form in hepatocytes during several types of liver disease. Other than hsp70 (Fig 4, E-E") , which does bind K8-K18 under normal healthy conditions (Liao et al., 1995) , we find that K5-1649delG aggregates are negative for all these other antigens (data not shown).
\ Discussion
Disease-based evidence that the non-helical tail domain influences keratin function in vivo
A few instances of keratin tail domain mutations have now been shown to cause human disease. Thus, two dominantly-acting, nonsense mutations affecting residues located at the extreme C-terminus of the K5 rod domain (K472 and E477) give rise to EBS with generalized blistering (Muller et al., 1999; Livingston et al., 2001) . Even though these C-terminal truncations occur only 5 residues apart within the highly conserved TYRK 472 LLEGE 477 motif at the very end of the K5 rod domain, electron microscopy showed that only E477 is associated with keratin aggregates typical of Dowling-Meara EBS in basal cells. In yet another case involving K5's Cterminus, a nucleotide deletion, 1635delG, was found within K5's exon 9 in a sporadic case of Weber-Cockayne (mild) EBS (Sprecher et al., 2003) . The resulting frameshift is in-phase with the K5-1649delG mutation, but the properties of this mutant have not been described. Three mutations affecting exon 9 in the K1 coding sequence (1609GG->A, 1628delG, and 1752insG), were linked to distinct clinical presentations, ichthyosis hystrix Curth-Macklin (a severe and disfiguring condition apparented to EHK), striate palmoplantar keratoderma, and mild EHK (Sprecher et al., 2001; Whittock et al., 2002) . K1 is expressed in the differentiating layers of interfollicular epidermis (O'Guin et al., 1990; Fuchs, 1995) . These frameshift-producing mutations contrast sharply with the missense alleles found in most instances of keratinopathies (Cassidy et al., 2002) . These findings underscore the importance of the non-helical tail domain of keratins in vivo. Also of note, the C-terminus of K18 is first subjected to caspase cleavage during apoptosis, perhaps reflecting the need to initially disrupt its function so that further cleavages can complete the breakdown of the keratin IF network during this process (Ku and Omary, 2001 , Schutte et al., 2004 ).
\
The tail domain is highly variable in length and primary structure among keratin proteins (Quinlan et al., 1994) , and its properties remain poorly understood. The short tail domain of K14 (~50 residues) behaves as a low-affinity keratin filament binding protein in vitro as well as in transfected cells, and plays a role in the salt-and alkaline pH-induced bundling of K5/K14 filaments in vitro (Bousquet et al., 2001) . As shown here, such a direct interaction between the K5 tail domain and keratin filaments could not be evidenced using similar assays in vitro, though it occurs in transfected cells. Like other type II keratins found in epidermis, the tail domain of K5 features glycine loop motifs (Steinert et al., 1991) , which also occur in other epidermal structural proteins (loricrin, corneodesmosin) and in single-stranded RNA binding proteins (Steinert et al., 1991) . There is emerging evidence that glycine loops could mediate homophilic interactions (Jonca et al., 2002; Caubet et al., 2004) . Clearly, additional studies are needed to identify the mechanism(s) that underlie the distribution of K5's tail domain in transfected cells.
A keratin mutation with unusual properties is at the source of an atypical EBS presentation
We show here that the C-terminal frameshift induced by a guanine nucleotide deletion, 1649delG, in the last exon of K5 affects the properties of the protein in a very unusual fashion. In vitro, the structural features and micromechanical properties of K5-1649delG/K14 filaments are dramatically altered. Studies using the experimentally-produced K5C∆41 suggest that the loss of the C-terminal 41 amino acid residues plays a role in determining the properties of K5-1649delG respectively. In addition to underscoring the importance of assessing mutant keratin properties in various settings, these observations clearly indicate that the 1649delG mutation impacts K5's properties in more than one respect.
Nonetheless, our studies suggest that expression of the mutant K5-1649delG protein should lead to the fragilization of epidermal basal cells in vivo, the hallmark feature of EBS.
They do not provide a basis for the observation of migratory erythema in the skin of these patients (Gu et al., 2003) , a very unusual phenomenon in the context of EBS (Fine et al., 1991; Kawana et al., 1994; Goldsmith, 2003) . Database searching revealed that the novel stretch of 76 amino acids at the C-terminus of K5-1649delG does not have a close relative in nature (data not shown). Though the K5-1649delG protein aggregates also contain hsp70 in transfected cells, perhaps reflecting a folding problem with its modified tail domain (Liao et al., 1995) , we could not find further evidence of elaboration of an unfolded protein response (Zatloukal et al., 2004 ).
This does not exclude the possibility that such a response, which may lead to the release of cytokines, could be elaborated in the patients' epidermis in vivo. Determining how K5-1649delG might elicit this odd phenomenon in patients' skin likely requires transgenic mouse work.
Live imaging studies of epithelial cell lines engineered to express a green fluorescent protein (GFP)-tagged version of K14 Arg 125 ->Cys showed that nascent mutant protein chains form small spherical aggregates at the cell periphery which, unlike the corresponding wildtype \ protein, do not subsequently incorporate into keratin IFs (Werner et al., 2004) . These important findings provided a potential explanation for the specific location of the intracellular cleavage within epidermal basal cells in EBS, which invariably occurs between the nucleus and matrixbound hemidesmosomes (e.g., Anton-Lamprecht, 1983) . The possibility that disease-causing mutant proteins could interfere with the dynamics of IFs under steady state conditions in vivo is worth pursuing further. Because of their distinct intracellular distribution, it appears unlikely that the small aggregates containing K5-1649delG in transfected cells correspond to the "normal" keratin filament precursors seen by in their live imaging studies.
Pathogenesis of blister formation in EBS: Is there more to it than defective cellular mechanics?
The genetic basis of EBS was discovered more than a dozen years ago (Coulombe et al., 1991; Bonifas et al., 1991; Lane et al., 1992) . Along with studies involving mouse models, the large number of mutations in the K5 and K14 coding sequences uncovered since then (~140; Cassidy et al., 2002) laid the foundation for a good albeit superficial understanding of genotypephenotype correlations in EBS (Fuchs and Cleveland, 1998; Irvine and McLean, 1999; . Indeed, the subcellular mechanism(s) underlying blister formation in EBS and other keratin-based disorders remain incompletely understood. Cell fragility is clearly involved, as supported by several lines of evidence (Fuchs and Cleveland, 1998; Omary et al., 2004) . There are, however, some hints that mechanism(s) other than mechanical failure also contribute to disease pathogenesis in EBS and related disorders. This may be especially true in circumstances in which the disease-causing mutant protein triggers the formation of abnormal aggregates in the cytoplasm Zatloukal et al., 2004) .
The presence of mutant keratin-containing aggregates could place epithelial cells under metabolic stress or alter its response to pro-apoptotic signals. Keratinocyte cell lines established \ from EBS patients show an earlier activation of cellular kinases, including the stress responserelated JNK, than control cells after an osmotic shock (D'Alessandro et al., 2002) . In another study, Yoneda et al. (2004) reported that stable expression of K14 Arg 125 ->Cys in HaCaT keratinocytes leads to enhanced secretion of TNF-α. This mutant was also found to abrogate the ability of K14 to interact with TRADD, an adaptor molecule essential for the apoptotic response that may ensue engagement of TNF-R1. These authors speculated that such changes could lead to cellular death by apoptosis in the epidermis of EBS patients harboring the K14 Arg 125 ->Cys.
Intriguingly, there are EBS-causing mutations that inactive the functional caspase cleavage motif in the middle linker region (L12) within the rod domain of K14 and related type I keratins (Ku and Omary, 2001 ). There has been no report of apoptosis-like nuclear condensation in basal keratinocytes in the skin of EBS patients. While we await the evidence supporting that cellular stress and/or apoptosis do contribute to disease pathogenesis in vivo, such newly postulated mechanisms could explain the atypical spreading of skin lesions as is seen in EBS-MCE.
\
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2 Filament width (mean ± S.E.M) was determined from 5 filament profiles from each of three micrographs per sample analyzed. 3 Elastic modulus G' (dynes/cm 2 ) and phase angle δ (degrees) were determined by rheology using conditions of minute deformation (1% strain, and 1rad/s frequency). The elastic modulus G' defines the elastic response of a material to a deformation. G' is directly related to the fraction of the input energy (deformation) that is stored within the material. The phase angle δ, expressed in degrees, corresponds to the delay in the material response due to energy dissipation. The stress response of elastic solids is perfectly in-phase with the imposed strain (deformation), and thus δ = 0˚. The stress response of viscous liquids is out of phase with the strain, and δ = 90˚. Accordingly, wildtype K5-K14 assemblies behave a weak-viscoleastic solids under standard assembly conditions at pH 7.4. See Coulombe et al. (2000) and Yamada et al. ( 2002) for details. 4 UN means undetectable (below the sensitivity of the instrument). 5 See Yamada et al. (2002; for corresponding values for WtK5/K14 assembled at pH 7.0. Typically G' is greater than 75 dynes/cm 2 , while δ is smaller than 6°. For each DNA construct tested, > 1000 cells were included as part of this analysis. "Mildly abnormal" refers to transfected cells in which the transfected protein exhibited an abnormal distribution but the endogenous keratin IF network appeared normal. "Severely abnormal" refers to transfected cells in which both the transfected protein and the endogenous keratin IF network exhibited a grossly abnormal distribution.
